The aim of the present study was to examine the associations of obesity, percentage body fat and visceral fat mass with body Fe status in a representative sample of 1493 schoolchildren aged 9 -13 years. Anthropometric, body composition, biochemical, clinical (Tanner stage, age of menarche) and dietary intake data were collected. Fe deficiency (ID) was defined as transferrin saturation (TS) , 16 %; and Fe-deficiency anaemia (IDA) as ID with Hb , 120 g/l. Obese boys and girls and those in the highest quartiles of percentage body fat mass had significantly higher levels of serum ferritin (P#0·05) compared to their normal-weight peers and those in the corresponding lowest quartiles. Similarly, obese boys and girls and those in the highest quartiles of percentage body fat and visceral fat mass had significantly lower levels of TS (P# 0·05) compared to normal-weight children and those in the corresponding lowest quartiles. The prevalence of ID and IDA was significantly higher in boys and girls in the highest quartiles of percentage body fat than in peers in the lowest quartile. Higher quartiles of percentage body fat and visceral fat mass were the main significant predictors of ID in boys, after controlling for other important confounders, with OR of 2·48 (95 % CI, 1·26, 4·88) and 2·12 (95 % CI, 1·07, 4·19), respectively. Similar significant associations were observed for girls. In conclusion, percentage body fat and visceral fat mass were positively associated with ID in both sexes of preadolescents. These associations might be attributed to the chronic inflammation induced by excess adiposity.
Many reports have indicated that the prevalence of obesity in childhood and adolescence has been increasing worldwide at an alarming rate (1, 2) . On the basis of recent studies, the number of overweight children has doubled and the number of overweight adolescents has tripled since 1970 (3) . Following the worldwide trends, obesity among Greek children and adolescents is also on the rise over the last 30 years (4) . It is well established that excess adiposity in both adults and children is strongly associated with several metabolic complications (i.e. metabolic syndrome, insulin resistance, dyslipidaemias) (5, 6) . In addition, although contradictory at first sight, obesity has also been associated with nutritional deficiencies (7, 8) . Specifically, overweight and obese individuals seem to be at higher risk of Fe deficiency (ID) than those having normal body weight (9 -11) . These findings were consistent in both children (12 -15) and adults (15 -17) .
Prevention of ID is crucial from a public health perspective, because it is associated with behavioural and cognitive delays in infancy and early childhood, such as impaired learning (18) , decreased school achievements (19, 20) and lower scores on tests of mental and motor development (21) . The aetiology of this phenomenon remains uncertain. Suggested contributing factors are poor Fe intake, repeated short-term restrictive diets, increases in blood volume when children enter adolescence, early onset of menstruation, limited physical activity, rapid growth and genetics (12, 14) . However, these factors seem not to be significant predictors of the low serum Fe levels observed in overweight and obese individuals (16) . In contrast, ID could partially be explained by the fact that obesity is a low-grade chronic inflammatory state (22) . In particular, studies show that increased levels of inflammatory biomarkers, such as C-reactive protein, are inversely associated with serum Fe levels in centrally obese adolescents (10) . The hypothesis that the association between ID and obesity is mediated by an obesity-induced low-grade chronic inflammation is strengthened by the higher levels of serum ferritin usually observed in overweight and obese individuals. Although ferritin serves as an index of Fe stores in the body, it is also an acutephase protein that increases in inflammatory states, such as excess visceral fat accumulation (23) .
The studies showing an inverse association between adiposity and Fe status in children and adolescents (10, 12, 14) have relied on BMI. However, BMI is not always a direct measure of adiposity, especially in children (24) . Furthermore, to our knowledge based on the available literature, no study so far has ever examined the relationship between more direct measures of adiposity and Fe status. Such studies may explore a more accurate association between obesity and ID in children and highlight further the discussion of dietary recommendations of Fe intake in them. The present study reports on the associations between central obesity, percentage body fat and visceral fat mass and ID in a representative sample of preadolescent Greek children.
Methods and procedures

Sampling
The Healthy Growth Study was a large-scale, cross-sectional, epidemiological study initiated in May 2007. This study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the Ethics Committee of Harokopio University of Athens. Approval to conduct the study was also granted by the Greek Ministry of National Education. The population under study comprised schoolchildren aged 9 -13 years, attending the 5th and 6th grades of primary schools located in municipalities within the prefectures of Attica, Etoloakarnania, Thessaloniki and Iraklio. The sampling of schools was random, multi-stage and stratified by parents' educational level and total population of students attending schools within these municipalities. Specifically, the municipalities in the prefectures under study were divided into three groups on the basis of average educational level of their adult population (25 -65 years old) that was estimated from data provided by the National Statistical Service of Greece (2001 census). This procedure yielded two parents' education cut-off points that allowed us to categorise municipalities into three different socio-economic levels, i.e. higher, middle and lower. Consequently, again on the basis of data from the National Statistical Service, a certain number of municipalities, proportional to the size of their preadolescent population (9-13 years old), was randomly selected from each socio-economic level. Finally, a number of schools were randomly selected from each municipality, proportional to the population of schoolchildren registered in the 5th and 6th grades, according to data obtained from the Greek Ministry of Education.
All seventy-seven primary schools that were invited to participate in the study responded positively. Weight and height were measured in all pupils attending the 5th and 6th grades in these primary schools as part of a school-based health and nutrition education programme. Full medical examination (i.e. anthropometric and body composition measurements, blood collection, clinical examination etc.) and questionnaire data were obtained from a subgroup of pupils whose parents signed an informed consent form. Signed parental consent forms were collected for 2655 out of 4145 children (response rate 64·1 %). Still no significant differences with respect to parental educational level were observed between families that consented to data collection and those that did not.
Physical examination and anthropometry
Participants underwent a physical examination by two trained members of the research team. The protocol and equipment used were the same in all schools. Weight was measured to the nearest 10 g using a Seca digital scale (Seca Alpha, Model 770, Hamburg, Germany). Pupils were weighed without shoes in the minimum clothing possible. Height was measured to the nearest 0·1 cm using a commercial stadiometer (Leicester Height Measure; Invicta Plastics, Oadby, UK), with the pupil standing barefoot, keeping shoulders in a relaxed position, arms hanging freely and head in Frankfurt horizontal plane. Weight and height were used to calculate BMI using Quetelet's equation (weight (kg)/height (m) 2 ). The International Obesity Task Force cut-off points (25, 26) were used to categorise participants as 'normal weight', 'overweight' or 'obese'. Waist circumference (WC) was measured to the nearest 0·1 cm with the use of a non-elastic tape (Hoechstmass, Germany), with the pupil standing, at the end of a gentle expiration after placing the measuring tape on a horizontal plane around the trunk, at the level of umbilicus midway, between the lower rib margin and the iliac crest. The age-and sex-specific WC percentiles were used for the classification of central obesity ($90th percentile) (27) . One well-trained and experienced female paediatrician in each prefecture determined pubertal maturation (Tanner stage) after thorough visual inspection of breast development in girls and genital development in boys (28) . Finally, each girl was asked by the paediatrician about her menstruation status and age of menarche.
Assessment of percentage body fat and visceral fat mass
Bioelectrical impedance analysis was used for the assessment of percentage body fat (Akkern BIA 101; Akkern Srl., Florence, Italy) and for abdominal-visceral fat mass (Tanita Viscan AB-140, Kowloon, Hong Kong). In abdominal bioelectrical impedance analysis, an electric current is passed between the regions near the umbilicus and spinal cord at the umbilicus level, and the voltage generated in the lateral abdomen is recorded. Because the equipotential line that passes through visceral fat appears on the lateral abdominal surface, the amount of visceral fat can be estimated by measurement of the voltage generated at this location using a regression equation determined by computed tomography (29) . Participants were instructed to abstain from any food or liquid intake and from any intensive exercise for 4 h before measurement. They were also instructed not to wear any metallic object during measurement. The assessments took place with the pupils lying on a non-conductive surface at ambient room temperature. Percentage body fat was calculated from the resistance and reactance values using valid equations derived from a similar preadolescent population (30) , while visceral fat mass was read directly from the instrument in a rating scale from 1 to 59 units, with 0·5 increments. On the basis of these data, children were categorised into four sex-specific quartiles of percentage body fat and visceral fat mass. As there were only two Tanita Viscan devices available, data on trunk -visceral fat mass were collected for a representative sub-sample of 1500 children.
Biochemical indices
Blood samples were obtained for biochemical and haematological screening tests between 08.30 and 10.30 hours after a 12 h overnight fast. Reminders were distributed the previous day to both parents and children in order to ensure compliance with fasting. Professional staff performed venepuncture, using two types of test tubes, one of which contained EDTA, to obtain a maximum of 10 ml blood. The EDTA-blood was transferred on the same day of collection to a local laboratory, where it was analysed in a CELL-DYN haematological autoanalyser (Abbott Diagnostics, Abbott Park, IL, USA) for the determination of haematological indices, including erythrocyte count, Hb and mean corpuscular volume. The remaining blood was collected in plain test tubes for the preparation of serum, which was divided into aliquots and stored at 2 808C. When blood collection was completed in Aitoloakarnania, Thessaloniki and Iraklio, all serum samples were transported in dry ice to the Laboratory of Nutrition and Clinical Dietetics at Harokopio University, where biochemical analyses and central storage of back-up samples at 2 808C took place. Serum Fe and total Fe-binding capacity (TIBC) levels were determined by colorimetric assays (Roche Diagnostics SA, Basel, Switzerland). Transferin saturation (TS) was calculated by dividing serum Fe by TIBC and multiplying by 100. Finally, serum ferritin was measured by using a chemiluminescence immunoassay (Siemens Healthcare Diagnostics, Tarrytown, NY, USA).
Fe deficiency (with or without anaemia) and Fe-deficiency anaemia (IDA) were defined using the following age-and sex-specific thresholds proposed by UNICEF and the WHO (31) : ID was defined as TS , 16 %; IDA was defined as TS , 16 % and Hb concentration , 120 g/l, which is the threshold value for anaemia for children aged 9 -13 years. The Mentzer Index (MCV (fl)/RBC (M/ml)) (32) was also calculated for all pupils participating in the present study to differentiate beta-thalassaemia from ID. On the basis of this index, children with thalassaemia minor (eighteen cases) were excluded from further analysis.
Dietary assessment
Dietary intake data were obtained by trained dieticians and nutritionists via morning interviews with the children at school-site for two consecutive weekdays and one weekend day, using the 24 h recall technique. Specifically, all study participants were asked to describe the type and amount of foods, as well as all beverages consumed during the previous day, provided that it was a usual day according to the participant's perception. To improve the accuracy of food description, standard household measures (cups, tablespoons, etc.) and food models were used to define amounts where appropriate. At the end of each interview, the interviewers, who were dieticians rigorously trained to minimise the interviewer's effect, reviewed the collected data with the respondent in order to clarify entries, servings and possible forgotten foods. Food intake data were analysed using the Nutritionist V diet analysis software (version 2.1, 1999; First Databank, San Bruno, CA, USA), which was extensively amended to include traditional Greek recipes, as described (33) . Furthermore, the database was updated with nutritional information of processed foods provided by independent research institutes, food companies and fastfood chains.
Socio-economic and demographic variables
Family socio-economic and demographic data (i.e. total years of education for the father and mother and annual family income) were collected during scheduled interviews at the school with the parents (mainly with the mother). For those parents not able to attend (approximately 5 % of the total sample), data were collected via telephonic interviews. All interviews were conducted with the use of a standardised questionnaire by a research team that was rigorously trained to minimise the interviewer's effect.
Statistical analysis
Statistical analysis was conducted for the sub-sample of children with full anthropometric, biochemical, dietary, body composition and socio-economic data and no thalassaemia minor (n 1493). Continuous variables were expressed as mean values and standard deviations and categorical variables were reported as frequencies (%). Comparisons between levels of the continuous variables were conducted using Student's t test or ANOVA, using the Bonferroni correction for post hoc multiple comparisons among groups. Comparisons between levels of the categorical variables were conducted using the x 2 test or the Fisher's exact test, as appropriate. The two-sample Z-test was also used to perform pair-wise comparisons of the prevalence of ID and IDA between quartiles of percentage body fat and visceral fat mass. In order to test the effect of the independent variables examined on ID, multivariate logistic regression analysis was conducted and adjusted OR with 95 % CI were computed. All reported P values were based on twosided tests. The level of statistical significance was set at a¼ 0·05. Statistical analysis was conducted using STATA (Stata Corporation, College Station, TX, USA) for the twosample Z-test and SPSS version 17.0 (SPSS, Inc., TX, USA) for all other tests.
Results
The sample consisted of 1493 children attending the 5th and 6th grades of primary school. Table 1 presents the main descriptive characteristics of the study population. The age of the study participants was 11·2 (SD 0·7) years. No significant differences were found between boys and girls with respect to nationality and socio-economic characteristics (i.e. socio-economic level of school region, paternal and maternal educational level and family income). Similarly, no significant sex differences were found with respect to the prevalence of ID. On the other hand, more girls than boys were found to be at Tanner stages 3 -5 (P, 0·05), while the prevalence of obesity was higher in boys than in girls (12·5 v. 10·2 %, P, 0·05). Table 2 displays the biochemical indices of Fe status across weight groups in both boys and girls. In boys, serum Fe and TS differed significantly among weight groups (P, 0·05), being lower in obese and overweight than in normal-weight ones. In contrast, serum ferritin was lowest in normal-weight boys (P, 0·05). In girls, TS exhibited lower values in obese than in normal-weight girls. On the contrary, ferritin was higher in obese than in normal-weight girls; and TIBC exhibited higher values in obese and overweight than in normalweight girls. Moreover, the prevalence of ID was higher in obese boys and girls compared to their normal-weight peers (P¼ 0·009 in boys and P¼0·017 in girls). Similarly, the prevalence of IDA was higher in obese than in overweight or normal-weight girls (P¼ 0·002). Table 3 also presents the biochemical indices of Fe status in the categories of normal WC and central obesity. TS in centrally obese boys was significantly lower (P¼ 0·033) compared to peers of normal WC, while the prevalence of IDA was significantly higher in centrally obese boys than in boys of normal WC (P¼ 0·006). Furthermore, centrally obese girls exhibited higher prevalence of both ID and IDA than girls of normal WC (P¼ 0·001 and 0·042, respectively). Table 4 summarises the biochemical indices of Fe status across quartiles of percentage body fat. As far as boys were concerned, serum Fe and TS were found to differ significantly among quartiles, being lowest in the highest quartile. On the contrary, serum ferritin was lowest in the lowest quartile (P¼0·001). Furthermore, the prevalence of ID and IDA was significantly higher for boys in the highest quartile of percentage body fat compared to the middle and lowest ones (P¼ 0·005 and 0·010, respectively). In girls, serum Fe and TS exhibited lower values in the highest compared to the lowest quartile, whereas TIBC and ferritin exhibited higher values in the highest compared to the lowest quartile. Furthermore, the prevalence of ID and IDA was significantly higher for girls in the highest quartile of percentage body fat than for those in the lowest quartile (P¼ 0·027 and 0·046, respectively). Additionally, Table 5 also presents the same indices of Fe status across quartiles of visceral fat mass. In boys, serum Fe and TS differed significantly among quartiles (P, 0·05), being lower in the highest than in the lowest quartile. On the other hand, TIBC and ferritin differed significantly among quartiles (P,0·05), but were higher in the highest than in the lowest quartile. As far as girls were concerned, TIBC was higher and TS was lower in the highest compared to the lowest quartile of visceral fat mass (P, 0·05).
The logistic regression analysis showed that overweight boys and obese girls were 2·13 (95 % CI, 1·27, 3·60) and 2·25 (95 % CI 1·14, 4·46) times more likely to be Fe deficient than normal-weight boys after controlling for several important covariates (Table 6 ). Furthermore, centrally obese girls were 2·23 (95 % CI, 1·30, 3·83) times more likely to be Fe deficient in comparison with girls of normal WC. Boys in the highest quartiles of percentage body fat and visceral fat mass were 2·48 (95 % CI, 1·26, 4·88) and 2·12 (95 % CI, 1·07, 4·19) times more likely to be Fe deficient than boys in the lowest quartiles (Table 6) . Similarly, girls in the highest quartiles of percentage body fat and visceral fat mass were 2·12 (95 % CI, 1·07, 4·20) and 2·17 (95 % CI, 1·09, 4·34) times more likely to be Fe deficient than girls in the lowest quartiles.
Discussion
The present study is among the first to examine the association of several total and regional body fat indices with biochemical indices of Fe status in a considerably large and representative sample of preadolescents. Overall, the prevalence of ID was remarkably high for obese and centrally obese children and for children in the highest quartiles of percentage body fat and visceral fat mass, ranging from 16 to 27 %. These values are similar or higher than those reported for overweight Swiss and Israeli children and adolescents (i.e. 20 and 12 %, respectively) (14, 34) . In these two studies, as well as in the present one, the definition of ID was based on reliable biochemical markers of Fe status, such as serum transferrin receptor concentration, TS and free erythrocyte protoporphyrin concentration. However, the prevalence of ID reported by the present and the two aforementioned studies was considerably higher compared to similar data from the USA (12) , since, according to the 3rd National Health and Nutrition Examination Survey, the prevalence of ID in obese children and adolescents was 2·4 and 9·1 %, respectively. The use of serum ferritin as one of the diagnostic criteria for ID could probably provide an explanation for the lower prevalence of ID observed in the American population. Ferritin is an acute-phase protein and its serum levels are plausibly elevated in states of chronic or acute inflammation (35) . Considering that excess total and, especially, visceral fat mass represents a chronic inflammatory state, the increased levels of serum ferritin in overweight and obese children could have contributed to an underestimation of the prevalence of ID in this cohort. This hypothesis is strengthened by a more recent study that also used NHANES data to examine the incidence of ID among overweight female adolescents (10) . In this study, serum ferritin was excluded from the definition of ID, resulting in a prevalence value of 30·8 %. Consistent with other studies that have reported a positive association between serum ferritin levels and body fat indices, mainly in adults (23, 36, 37) , the present study has found significantly higher serum ferritin in boys in the highest quartiles of percentage body fat and visceral fat mass, as well as in girls in the highest quartile of percentage body fat, compared to the corresponding lowest quartiles (Tables 2 -6 ). By contrast, the values of the other biochemical indices of Fe status were indicative of depleted body Fe stores for children in the highest quartiles of percentage body fat and visceral fat mass. In particular, boys and girls in the highest quartiles of percentage body fat and visceral fat mass had significantly lower TS than their peers in the lowest quartiles. This was also true for serum Fe in most cases. In addition, TIBC of girls in the highest quartiles of percentage body fat and visceral fat mass were significantly higher compared to girls in the lowest quartiles. These findings are consistent with recent studies showing that obese children and adults had Table 4 . lower levels of serum Fe and TS than their normal-weight counterparts (10, 13, 16) . The mechanism linking obesity with ID has not yet been elucidated. One proposed such mechanism is low dietary Fe intake by overweight individuals. Still, the available literature in this regard remains controversial. Although a study on Greek adolescents reported low Fe intakes by overweight pupils (38) , other recent studies did not find any significant differences in Fe intake between obese and non-obese children and adolescents (10, 16, 34) . Similarly, the present study did not show any significant differences in dietary Fe intake between the weight and WC groups and among quartiles of total and visceral fat mass (Tables 1 -5). Differences in the dietary intakes of specific nutrients that either enhance (vitamin C) or inhibit (Ca, dietary fibre) intestinal nonhaeme Fe absorption (39) could also provide an explanation for the depleted Fe stores observed in children with increased adiposity. However, Aeberli et al. (34) reported no significant associations between intakes of bioavailable Fe or factors enhancing Fe absorption and overweight in Swiss children and adolescents.
Furthermore, the bioavailability of Fe may also be modulated by other physiological factors mainly linked to the chronic inflammation induced by excess adiposity. The significant positive associations observed in the present study, between higher percentage body fat and visceral fat mass and ID (Table 6) , could strengthen the aforementioned link. More specifically, increased total and visceral fat mass accumulation stimulates the production of inflammatory cytokines (22) , that have been reported to be inversely associated with serum Fe levels (10) . The hypothesis, that the significant association observed between ID and obesity is mediated by a low-grade chronic inflammation, is also supported by the higher levels of serum ferritin observed among overweight and obese children in the present study. Moreover, serum levels of hepcidin, which is the main regulatory hormone for Fe absorption and recirculation, have been reported by other studies to be significantly higher in overweight children, adolescents (13, 34) and adults (10, 40) than in normal-weight peers. Adipose-derived cytokines (such as IL-6 and leptin) produced in response to obesity-related inflammation activate hepcidin gene transcription (41) . This results in increased serum hepcidin levels that lead to the sequestration of Fe within the reticuloendothelial system and to decreased dietary Fe absorption from the intestine by controlling the expression of ferroportin 1 at the basolateral membranes of the enterocytes (42) .
The present study has certain strengths and limitations. Regarding strengths, the Healthy Growth Study is a largescale, epidemiological study covering the central, northern, southern and western parts of the Greek territory. Furthermore, to our knowledge, this is the first study reporting associations between visceral fat mass and Fe status in children.
One other strength of the present study relates to the fact that detailed data on diet, blood and anthropometry as well as important confounders (e.g. socio-economic status and pubertal status) were collected. Regarding limitations, additional to its cross-sectional design, the present study has been based on a sub-sample of 1493 pupils with full body Table 5 . { Values were significantly different between lower and higher quartiles (P, 0·05, two-sample Z-test).
composition data out of the 2655 pupils with parental consent to participate in the study. Still, no statistically significant differences were observed between pupils with full body composition data (including visceral fat mass levels; i.e. n 1493) and the rest 1162 participating pupils with no visceral fat mass data with regards to parental educational level and weight status (data not shown). Another limitation was the use of only three 24 h recalls, which may not be sufficient to assess children's habitual dietary intake. Nonetheless, this is of particular concern for foods consumed only occasionally (whereas foods providing Fe are consumed on a more regular basis) while 24 h recalls are most feasible in larger samples of children such as in the present study.
In conclusion, the present study showed significant positive associations of higher percentage body fat and visceral fat mass with ID in both sexes. These associations may have important public health implications, since they point to the need to also consider excess adiposity as a non-traditional risk factor for ID and IDA. Higher total and visceral fat mass levels should be taken into account when assessing children's body Fe status and should probably be treated before providing dietary recommendations to correct ID or IDA. Future prospective studies could help highlight the basis of the association between obesity and ID, thus providing better insight into how to most effectively tackle the important public health issues of excess adiposity and ID as early in life as possible. 
